The most efficient steaming conditions below 200 C for extracting antioxidants from used tea leaves and their reaction behavior during the steaming treatment were investigated. The antioxidative activity of the steamed extracts increased with increasing steaming temperature, and the yield of the ethyl acetate extract fraction from each steamed extract showing the greatest antioxidative activity also increased. Caffeine, (À)-catechin, (À)-epicatechin, (À)-gallocatechin, (À)-epigallocatechin, (À)-catechin gallate, (À)-epicatechin gallate, (À)-gallocatechin gallate, (À)-epigallocatechin gallate and gallic acid were identified from the ethyl acetate extract fraction. Quantitative analyses demonstrated that the catechins with a 2,3-cis configuration decreased with increasing steaming temperature, whereas the corresponding epimers at the C-2 position increased. Each pair of epimers showed similar antioxidative activity to each other, indicating that the epimerization reaction did not contribute to the improved antioxidative activity. It is concluded from these results that the improvement in antioxidative activity at higher steaming temperatures was due to the increased yield of catechins and other antioxidants.
Tea, Camellia sinensis L., belongs to the family Theaceae, and its extract is one of the most popular beverages in the world. It is well known for its wideranging properties such as a deodorizing effect, 1, 2) formaldehyde-scavenging activity, 3) and antioxidative activity. 4) The powerful antioxidative activity is one of the most significant of a tea extract, mainly owing to the presence of tea catechins [(À)-epicatechin, (À)-epigallocatechin, (À)-epicatechin gallate, and (À)-epigallocatechin gallate]. These compounds act as free-radical scavengers and are effective for protecting cellular components from oxidation. Some studies have demonstrated that excessive free radicals and reactive oxygen species are harmful to biomolecules and promote aging, 5, 6) as well as causing many diseases such as cancer, [7] [8] [9] and cardiovascular [10] [11] [12] and neurodegenerative disorders. 13) Therefore, there is substantial interest in the use of antioxidants to protect against such diseases.
Tea consumption has increased in recent years with large demand for bottled drinks. A large amount of teaextraction residue (used tea leaves) is thus generated; although this residue is mostly disposed of, it has been reported that more than half of the catechins remain in the discarded tea leaves. 14) There is thus a large potential source of antioxidants in the used tea leaves from tea factories. Many studies have been conducted on green tea, because of its physiological activity. However, little is known about the extract from used tea leaves. Thus, in this study, we investigated the most appropriate steaming treatment for used tea leaves to efficiently extract these antioxidants. The most efficient conditions for extracting antioxidants and their reaction behavior during the steaming treatment below 200 C are discussed.
Materials and Methods

H-and
13 C-NMR spectra were recorded with a JEOL ALPHA-500 spectrometer at room temperature, with CD 3 OD being used as the solvent for NMR analyses. Circular dichroism (CD) spectra were measured with a JASCO J-720W spectrometer at room temperature, with MeOH being used as the solvent for CD analyses. Two-dimensional thin-layer chromatography (2D-TLC, cellulose F 254 , Merck) was used to test the purity of the isolates by developing each plate first with tert-BuOH/ acetic acid/water (3/1/1,v/v/v) and then, in the second dimension, with 6% acetic acid. The compounds were visualized by spraying the plates with diazotized sulfanilic acid. High-performance liquid chromatography (HPLC) analyses were conducted with a Shimadzu LC-10ADvp chromatograph.
y To whom correspondence should be addressed. Fax: +81-29-873-3797; E-mail: aa076272@mail.ecc.u-tokyo.ac.jp Plant materials. Used tea leaves were supplied by SSK Foods Co., Ltd. (Shizuoka, Japan), freeze-dried, and ground in a Willey mill. These used tea leaves were the residue from hot water extraction of green tea leaves which had been picked up as the first tea of the season grown in Yaizu, Shizuoka. The resulting tea leaf meal was used for the subsequent experiments.
Steaming of the used tea leaves. The tea leaf meal (1.0 g) was loaded into a stainless steel autoclave (200 ml), and 50 ml of water was added. The autoclave was placed in an oil bath preheated to 100, 120, 140, 160 or 180 C and kept for 20 min, and also preheated to 200 C and kept for 12.5, 15, 17.5 or 20 min. After steaming, the autoclave was cooled, and the steamed liquor was passed through a 1GP40 glass filter. The residual tea leaf meal was washed with water. The filtrate and washings were collected, and the volume made up to 100 ml with water. This solution was used as the standard steamed liquor for an antioxidant assay as described next. The standard steamed liquor was diluted 5, 25, 125 or 625 times with water, and the diluted solutions were used to examine the antioxidative activity by the 1,1-diphenyl-2-picrylhydrazyl (DPPH) free-radical scavenging assay. 15, 16) Fractionation of extracts from the steamed used tea leaves. By the same procedure as that just described, the tea leaf meal (1.0 g) and 50 ml of water were heated for 20 min in the oil bath preheated to 100, 120, 140, 160, 180 or 200 C. After steaming, each filtrate was collected, concentrated under reduced pressure, and freeze-dried to obtain a crude extract.
This crude extract was redissolved in water and successively extracted with n-hexane and ethyl acetate. The n-hexane-soluble fraction was dried in a rotary evaporator to give n-hexane extracts (HE100-200 C). The ethyl acetate-soluble fraction and aqueous layer were dried in a rotary evaporator, and then freeze-dried to give ethyl acetate extracts (EA100-200 C) and water-soluble fractions (WS100-200 C). The yields and antioxidative activities of HE100-200 C, EA100-200 C and WS100-200 C were then respectively measured by the gravimetric method and the DPPH free-radical scavenging assay. 15, 16) Isolation of antioxidants from the steamed used tea leaves. The tea leaf meal (1.0 g) and 50 ml of water were heated for 20 min in an oil bath preheated to 200 C. After steaming, the reaction mixture was filtered to obtain the filtrate. The filtrate was concentrated under reduced pressure and then freeze-dried. By repeating this procedure, a total of 4.95 g of a freeze-dried sample was obtained as the steamed extract.
The steamed extract was redissolved in water and successively extracted with n-hexane and ethyl acetate. The ethyl acetate-soluble fraction was dried in a rotary evaporator and freeze-dried to give an ethyl acetate extract (EA200 C). EA200 C (0.56 g) was chromatographed in a Sephadex LH-20 column eluted with EtOH, to afford 1-5 ( Fig. 1) .
Caffeine (1) (Fig. 2) . 1 H-NMR: 3.32 and 3.50 (3H, s, H-4 and H-6), 3.95 (3H, s, H-1), 7.84 (s, H-2). These NMR data for 1 coincided with those of an authentic sample. 
. These NMR data and CD spectrum for 2 coincided with those of an authentic sample.
(À)-Epicatechin (3) (Fig. 2) . . These NMR data of 3 coincided with those for an authentic sample.
(À)-Gallocatechin (4) (Fig. 2) . . These NMR data and CD spectrum for 4 coincided with those of an authentic sample.
(À)-Epigallocatechin (5) (Fig. 2) . raphy (Fig. 1) . Each fraction was further purified by Sephadex LH-20 column chromatography, eluting with a 50% MeOH (v/v) aqueous solution, to afford 6-9 ( Fig. 1) .
(À)-Catechin gallate (6) (Fig. 2) . and C-5 00 ), 156.5 (C-8a), 158.1 (C-5 and C-7), 167.6 (C-CO). These NMR data and CD spectrum for 6 coincided with those of an authentic sample.
(À)-Epicatechin gallate (7) (Fig. 2) . (À)-Gallocatechin gallate (8) (Fig. 2) . (À)-Epigallocatechin gallate (9) (Fig. 2) . , 167.7 (C-CO). These NMR data for 9 coincided with those of an authentic sample.
In addition, EA200 C was separated by reverse-phase HPLC to afford 10. An HPLC analysis was performed with a Shim-pack CLC-ODS column (4:6 Â 250 mm). Elution was done with A (0.05 M H 3 PO 4 aq)/B (CH 3 CN/ MeOH (1/1,v/v)), 100=0 ! 97:5=2:5, linearly increasing gradient of B at 0.17%/min. The flow rate was 1 ml/ min, and peaks were detected with a UV detector at 280 nm. Further purification of 10 was accomplished by removing H 3 PO 4 in a Sephadex LH-20 column eluted with water.
Gallic acid (10) (Fig. 2) , 1 H-NMR: 7.05 (s, H-2 and H-6).
13 C-NMR: 110.3 (C-2 and C-6), 122.0 (C-1), 139.6 (C-4), 146.4 (C-3 and C-5), 170.4 (C-CO). These NMR data for 10 coincided with those of an authentic sample.
Determination of antioxidants in the steamed extract from used tea leaves. EA100
C-200 C (1 mg) were each dissolved in 1 ml of a CH 3 CN/0.05 M H 3 PO 4 aqueous solution (8/92, v/v). These solutions were analyzed by reverse-phase HPLC under the following conditions: column, Shim-pack CLC-ODS(M) (4:6 Â 250 mm); eluent, CH 3 CN/0.05 M H 3 PO 4 aqueous solution (8=92 ! 40=60, linearly increasing gradient of CH 3 CN at 0.53%/min); flow rate, 1 ml/min; column temperature, 40 C; detection, UV at 280 nm. Quantification of 1-10 was based on a calibration curve prepared with each standard sample.
Measurement of the antioxidative activity of the products from steamed used tea leaves. Isolated products 1-10 were each dissolved in water to prepare 0.02% aqueous solutions. These solutions and solutions diluted 5, 25 or 125 times with water were used to examine the antioxidative activity by a DPPH free-radical scavenging assay. 15, 16) 
Results and Discussion
Efficient steaming conditions for used tea leaves The most efficient steaming conditions below 200 C for the used tea leaves were evaluated by comparing the relative concentrations of the steamed liquor for scavenging 50% of the DPPH free radical (IC 50 ). There was a clear increase in antioxidative activity as the steaming temperature was increased, but the steaming time had no affect on the level of antioxidative activity of the steamed liquor (Fig. 3) . Therefore, the optimum condition for extracting the antioxidants in this study was by steaming at 200 C.
Yields and antioxidative activities of the fractions from the steamed extracts
We measured the yields and antioxidative activities of EA100-200 C, WS100-200 C and HE100-200 C. As shown in Fig. 4 , the yields of EA and WS gradually increased with increasing steaming temperature. In contrast to EA and WS, the yield of HE was very little regardless of the steaming temperature. The yields of EA100-200 C were 33.4, 38.5, 40.1, 43.1, 47.9, and 54.3 mg, respectively, the yield of EA200 C being almost 1.5 times greater than that of EA100 C. C. Therefore, the study shows that EA had the greatest antioxidative activity, and that the yield of EA increased gradually with increasing steaming temperature.
Characterization and stereochemistry of the antioxidants from steamed used tea leaves
Ten compounds were isolated from EA200 C. The data of 1 H-NMR, 13 C-NMR and CD spectra enabled them to be identified as caffeine (1), (À)-catechin (2), (À)-epicatechin (3), (À)-gallocatechin (4), (À)-epigallocatechin (5), (À)-catechin gallate (6), (À)-epicatechin gallate (7), (À)-gallocatechin gallate (8), (À)-epigallocatechin gallate (9) , and gallic acid (10) (Fig. 2) . These NMR spectra were in fair agreement with those of authentic samples. The CD spectra were recorded for catechin, gallocatechin, catechin gallate and gallocate- chin gallate, which are unique compounds from steamed used tea leaves. Their stereochemistry was determined by comparing the CD spectra with those of authentic samples of (+)-catechin, (À)-gallocatechin, (À)-catechin gallate, and (À)-gallocatechin gallate. The CD spectra of gallocatechin, catechin gallate, and galloactechin gallate were in fair agreement with those of their authentic samples, and that of catechin was symmetrical with that of the authentic sample.
Reaction behavior of tea catechins during steaming EA100 C-200 C were quantitatively analysed by HPLC (Fig. 6) . The yields of catechins with a 2,3-cis configuration ((À)-epicatechin, (À)-epigallocatechin, (À)-epicatechin gallate, and (À)-epigallocatechin gallate) decreased with increasing steaming temperature, whereas those of catechins with a 2, 3-trans configurations ((À)-catechin, (À)-gallocatechin, (À)-catechin gallate, and (À)-gallocatechin gallate) increased (Fig. 6) . The yield of gallic acid was low, but gradually increased with increasing steaming temperature. On the contrary, the yield of caffeine slowly decreased with increasing temperature.
These results suggest that the following two reactions took place during the steaming treatment: Tea catechins were epimerized at the C-2 position of the pyran ring, and gallic acid was formed by cleavage of the ester linkage of (À)-epicatechin gallate and (À)-epigallocatechin gallate (Fig. 7) . It can be assumed that the former was the main reaction during steaming, because only a small amount of gallic acid was produced.
Antioxidative activities of the products from steamed used tea leaves
The IC 50 values of the isolated products are given in similar IC 50 values to each other. These results indicate that epimerization at the C-2 position during steaming didn't account for the fact that the antioxidative activity of the steamed extracts increased with increasing steaming temperature.
Conclusions
High-temperature steaming improved the antioxidative activity of the steamed extracts from used tea leaves. The main reaction of tea catechins during steaming at high temperature was epimerization at the C-2 position. However, it is likely that the improvement of antioxidative activity was not due to the epimerization reaction, but instead due to the increase in yields of the catechins or other antioxidants. IC 50 is the concentration of each compound which scavenges 50% of the DPPH free radical.
